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 Degradation of AEMs is mainly attributed to peroxide and hydroxide radical attacks.
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 Under nitrogen, oxygen and 3 wt% H2O2 AEM shows the same degradation products.
 Three-fold increase in the degradation rate in D2O under oxygen compared to nitrogen.a r t i c l e i n f o
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Low-density polyethylene (LDPE)-based anion exchange membranes (AEMs) with 65% degree of grafting
of vinylbenzyl chloride (VBC) were tethered with different amine functionalities namely, trimethyl amine
(TMA), 1,4-diazabicyclo[2.2.2]octane (DABCO), 1-azabicyclo[2.2.2]octane (ABCO) and N-methylpiperidine
(NMP), and were subjected to degradation test by immersing the OH exchanged AEMs in deionised
water at 60 C, a condition analogous to fuel cell and electrolyser environment. All the quaternised
membranes, regardless of the tethered amine functional group, exhibited similar degradation loss of ca.
5% IEC per month. Benzylic peroxide was detected in the degradation solution in all the tested AEMs. The
observed degradation of the OH exchanged AEMs was mainly attributed to peroxide and hydroxide
radical attacks on the ternary (benzylic) carbon resulting in the release of vinylbenzyl trimethylammo-
nium hydroxide (VBTMA) as a whole which was also detected. The degradation test performed on TMA-
functionalised membrane under nitrogen, oxygen and 3 wt% H2O2 showed similar degradation products
namely benzylic peroxide and VBTMA suggesting that the degradation mechanisms under these three
conditions are similar. The over three-fold increase in the degradation rate under oxygen saturated so-
lution compared to nitrogen is due to the higher peroxide concentration produced from oxygen
reduction to superoxide via ylide.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The development of solid anion exchange membrane (AEM) as
an alternative to liquid KOH solution as electrolyte paved the way
for the renewed interest in alkaline fuel cell and electrolyser ap-
plications. Alkaline AEMs are solid polymer electrolytes that. Mamlouk).
r B.V. This is an open access article
, et al., Journal of Power Soucontain positive ionic groups, typically quaternary ammonium
groups, eNþ(CH3)3, and mobile negatively charged anions, usually
OH [1,2]. Membranes based on quaternary ammonium groups are
still the most studied AEMs for fuel cell and electrolyser applica-
tions. The use of alkaline AEMs offers the following advantages
compared to proton-exchange membrane fuel cells (PEMFC),
namely, (a) faster oxygen reduction reaction (ORR) kinetics under
alkaline conditions thereby providing lower activation losses [3,4],
(b) opportunity of using non-noble metal catalysts [5e7], and (c)under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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operating conditions [3,6,8].
AEMs can be prepared through radiation grafting wherein the
base film is subjected to high energy radiation (electron beam
source, ultraviolet or 60Co gamma rays) to produce activated
polymer backbone and by either step-wise or mutual grafting with
the desired monomer to produce the chain grafts copolymer
[9e11]. The functionalisation of the copolymer with the desired
quaternary amine and subsequent anion exchange to mobile OH
ions produce the AEM. We have previously reported that the ra-
diation dose rate has a significant influence on the stability of the
resulting AEM; applying higher radiation dose rate during grafting
leads to a more chemically and thermally stable membrane [12].
This is due to the fact that using higher radiation dose rate will
result in shorter and more uniformly distributed grafted chains
with higher degree of cross-linking, thus resulting in a lower ion
exchange capacity (IEC) loss per radical attack. AEMs fabricated
using low density polyethylene (LDPE) as base polymer and vinyl-
benzyl chloride (VBC) as graft monomer have been established to
be highly stable in fuel cell environment [13,14]. LDPE has a high
degree of branching resulting in more uniform grafting and struc-
tural stability due to enhanced chain entanglement (via cross-
linking) during radiation grafting. This strengthens the use of
LDPE as base polymer for a more stable and cost-effective AEM.
The chemical and thermal stability of AEM are very important
criteria in the design and synthesis of membranes for fuel cell and
electrolyser application. The main concern for alkaline AEM is that
it relies on OH ion, a relatively strong base and nucleophile, for
conductivity. With the use of a stable polymer backbone, the sta-
bility and degradation of AEMs then rest chiefly on the cation sta-
bility. There are three pathways of AEM degradation in alkaline
media and elevated temperature widely reported in literature,
namely, Hofmann elimination, nucleophilic substitution andFig. 1. The possible degradation mechanisms of TMA-functional
Please cite this article in press as: R. Espiritu, et al., Journal of Power Souformation of ylide intermediates [15,16]. Hofmann elimination is an
E2 reaction involving the attack of OH ions leading to the simul-
taneous removal of a b-proton and formation of a tertiary amine
[17,18]. Nucleophilic substitution (SN2) proceeds either (1) by OH
ion attack on the benzylic carbon of the ammonium group resulting
in the formation of a benzylic alcohol with consequent release of a
tertiary amine (Fig. 1, reaction A), or (2) attack on the a-carbon of
the cation transforming the ammonium group to a tertiary amine
with release of an alcohol [19,20] (Fig. 1, reaction C). Lastly, the ylide
formation pathway involves the abstraction of a proton from the
benzylic methylene group leading to the formation of a ylide in-
termediate that subsequently converts to tertiary amine and water
[21,22] (Fig. 1, reaction B). These ylide intermediates can potentially
undergo further rearrangement reactions through Stevens or
Sommelet-Hauser mechanism [23,24]. These three degradation
pathways can occur in parallel and can lead to a combination of
degradation products, although Hofmann elimination is preferred
in the presence of b-hydrogens over nucleophilic substitution or
the reversible reaction of ylide formation [15,22,25].
We have recently reported that, in close to neutral and low
alkalinity solutions, typical of that in anion exchange membrane
fuel cell (AEMFC) and water electrolyser (AEMWE), AEM degrada-
tion in terms of IEC loss was not mainly due to OH ion attack on
the trimethylamine (TMA) functional groups proposed above, but
mainly due to the removal of the vinylbenzyl trimethylammonium
(VBTMA) group as whole [12]. The loss of IEC due to the detach-
ment of the VBTMA groups was attributed to the formation of su-
peroxide (from oxygen in the presence of ylides) and other radicals
(under nitrogen atmosphere) that attack the vulnerable ternary
carbon connecting the benzyl trimethylammonium hydroxide
group to the LDPE backbone (Fig. 1, reaction E) resulting in graft
chain scissions (VBTMA removal) (Fig. 1, reaction G). The rate of
AEM degradation due to oxidation in the presence of OH ions wasised AEM immersed in close to neutral pH water medium.
rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
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centration and was explained by oxygen reduction to superoxide
through ylide by Parrondo et al. but was assigned to backbone
degradation from the formed superoxides attack [26]. The OH ions
were also suggested to attack the quaternary carbon groups of the
polymer backbone of polysulfone-based AEM via hydrolysis (Fig. 1,
reaction D) that leads to membrane degradation [16] and an anal-
ogous reaction might occur for LDPE-VBTMA-OH leading to the
formation of benzyl alcohol. Furthermore, the rate of AEM degra-
dation was reported to accelerate in the presence of oxygen [27],
wherein AEM degradation rate in terms of decrease in ionic con-
ductivity (due to IEC loss) was 4 times faster in 100% humidified
stream of oxygen than in nitrogen [14].
The use of TMA to impart functionality to AEMs is considered to
give the most chemically stable products [28]. This is due to the
absence of longer subgroups (e.g. ethyl or propyl) that introduce b-
hydrogens making the AEM susceptible to degradation via the
Hofmann elimination mechanism [29,30]. Studies of the ionic
conductivity and fuel cell performance of several benzyl ammo-
nium and sulfonium head groups for AEMs found that TMA-
functionalised ionomers showed superior oxygen reduction reac-
tion (ORR) performance and higher ionic conductivities in com-
parison to other studied head groups including 1,4-diazabicyclo
[2.2.2]octane [2,13].
The use of other head groups such as, 1-azabicyclo[2.2.2]octane
(ABCO) and 1,4-diazabicyclo[2.2.2]octane (DABCO), for AEM was
introduced owing to their cyclic bulky structure that can provide
chemical and thermal stability. This is because the rigid structures
of ABCO and DABCO render them non-susceptible to Hofmann
elimination [30e32]. Unlike the TMA-functionalised membranes,
the combination of ABCO or DABCO with VBC results in the pres-
ence of b-carbons. However, their structures do not allow the
stereoelectronics necessary for a Hofmann elimination mechanism
[28,32] since the anti-periplanar arrangement, which is a requisite
for Hofmann elimination to proceed is not possible [19,33]. Ther-
mogravimetric analysis demonstrated [32] that DABCO-
functionalised membrane exhibits better thermal stability than
its TMA-based AEM counterpart. Stoica et al. [34] and Sollogoub
et al. [35] fabricated and characterised AEM incorporating both
cyclic diamines onto an epichlorohydrin-based polymermatrix, but
not as separately functionalised AEM. The use of ABCO alone as a
cation functional group for AEM application did not gain consid-
erable interest due to its higher cost (harder to synthesise than
DABCO) and toxicity [19].
Parrondo et al. [36] compared the stability of TMA and ABCO
functionalities tethered to polyphenylene oxide (PPO) base film via
hexyl spacers and both were found to undergo degradation in 1 M
KOH solution at 60 C. DABCO unlike ABCO, has two nitrogens
which provide a better stabilising effect wherein the positive
charge can balance the overall charge and therefore, mono-
quaternised DABCO-membrane is preferred [32,37]. It is expected
that a mono-quaternised DABCO-based membrane will exhibit
better chemical stability than ABCO-functionalised AEMs. However,
both the quaternised ABCO and mono-quaternised DABCO still
undergo a nucleophilic displacement reaction causing the release
of ABCO or DABCO to the solution [28,38].
If both the DABCO nitrogens are quaternised, DABCO would act
as a cross-linker (between the two chlormomethylated styrene)
resulting in a lower membrane water uptake and consequently
lower ionic conductivity. Furthermore, the bis-quaternised DABCO
converts into a piperazine structurewhich is less stable due to rapid
elimination mechanism. At 160 C in 2 M KOH solution under ni-
trogen atmosphere, the half-life (t1/2) of bis-quaternised DABCO
drops to 2.3 min compared to 42 min (t1/2) for the mono-
quaternised DABCO [28]. Therefore, the combined fasterPlease cite this article in press as: R. Espiritu, et al., Journal of Power Soudegradation and decrease in IEC rendered it inferior to mono-
quaternised DABCO and unsuitable for fuel cell and electrolyser
application.
N-Methylpiperidine (NMP) is another cycloaliphatic quaternary
ammonium group used to functionalise AEMs. Dang and Jannasch
[39] investigated the use of quaternary piperidinium group for
AEMs using PPO base polymer film placing heptyl spacers in be-
tween. Thermogravimetric data indicated that NMP-based AEMs
offer slightly better thermal stability than TMA-functionalised
AEMs at the same IEC. The same study also indicated insignificant
degradation in terms of IEC loss under alkaline stability test using
1 M NaOH solution at 90 C for 8 days. Degradation of NMP-
functionalised AEM is due to OH ion attack through nucleophilic
substitution. NMP-based AEMs also degrade by ring-opening
elimination and ring-opening substitution. Among the three
possible pathways of NMP-functionalised AEM degradation,
nucleophilic substitution is considered to be dominant [40].
In order to accurately assess cation stability, it is imperative to
compare several amine functionalities tethered to the same poly-
mer backbone and subject to the same degradation test conditions.
Previous attempts to investigate AEM degradation used density
functional theory (DFT) [21,41,42] and model compounds
[40,43e45] instead of grafted or synthesised AEMs. In this research,
LDPE-based AEMswere used and the investigationwas extended to
include the effect of employing other functional groups aside from
TMA to the resulting stability of the functionalised membrane,
namely, DABCO, ABCO and NMP immersed in deionised water.
Furthermore, degradation studies reported in literature were all
performed in highly alkaline media and elevated temperatures,
which are test conditions very far from the actual operating envi-
ronments of low-temperature AEMFC and AEMWE (i.e. deionised
water). The investigations of the degradation of hydroxide-
exchanged AEM reported herein were performed in water/deuter-
atedwater mediawith very lowalkalinity in order tomimic the real
operating conditions of fuel cells/electrolysers and so that the
degradation by-products can be conveniently and directly analysed
by 1H NMR spectroscopy.
2. Experimental
2.1. Materials
Commercial low-density polyethylene films were sourced from
British Polythene Industries plc and were used as received. Poly(-
vinylbenzyl chloride) (60/40 mixture of 3- and 4-isomers,
Mn ¼ 55,000, Mw ¼ 100,000), vinylbenzyl chloride (mixture of 3-
and 4-isomers, 97%), trimethylamine (45 wt % in water), N-meth-
ylpiperidine and 1,4-diazabicyclo[2.2.2]octane were all procured
from Sigma-Aldrich while 1-azabicyclo[2.2.2]octane was pur-
chased from Alfa Aesar. Deuterium oxide (99.8 atom % D) was
purchased from Acros Organics. Toluene, tetrahydrofuran, potas-
sium hydroxide pellets, acetone, sulfuric acid, methanol and so-
dium chloride were all analytical reagent grade and were used as
received.
2.2. Anion exchange membrane preparation
The AEMs were synthesised as previously reported [10,14] using
low-density polyethylene (LDPE) as base polymer with vinylbenzyl
chloride (VBC) as the graft monomer. The LDPE-g-VBC copolymer
was prepared by immersing the LDPE films in nitrogen-purged
31:26:43 ratios by volume VBC/toluene/methanol solution and
were secured in a screw-cap vial. The samples were sent to Synergy
Health plc (Wiltshire, UK) for mutual gamma radiation grafting,
carried out with total radiation dose of 20 kGy under radiation doserces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
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thoroughly with toluene to completely remove VBC homopolymers
and finally washedwith acetone. To produce the AEM, a selection of
amines were utilised to impart functionality to the LDPE-g-VBC
copolymer (Table 1).2.3. Membrane stability tests
2.3.1. Stability test of PVBCeTMA polymer
The stability of the TMA-functionalised PVBC polymer was
initially assessed prior to stability test of the grafted LDPE polymers.
The PVBC polymer film was produced from solution casting of
PVBC-tetrahydrofuran (THF) solution which was allowed to dry to
remove traces of THF solvent prior to immersion in TMA solution of
45% in water for 72 h. The VBTMA-Cl polymer was then allowed to
dry and was subsequently placed in a vacuum oven to completely
remove excess of TMA/H2O. The solid VBTMA-Cl polymer was
dissolved in deuterium oxide (D2O) and a measured amount of
potassium hydroxide (KOH) pellets were added to obtain 0.4 M
alkaline solution to ensure full conversion from Cl to OH. The
Poly VBTMAeOH- solutions were placed inside a water bath at
60 C for 2 months, wherein sample for each month interval were
submitted for analysis. The initial solid Poly VBTMA-Cl polymerwas
set aside for comparison.2.3.2. Stability test of OH exchanged AEM functionalised with
different head groups
Functionalised AEMs were treated with 1.0 M KOH solution for
20 min. The solution was replaced with fresh 1.0 M KOH solution
and the process was repeated until a total OH exchange time of 1 h
was achieved to ensure complete exchange of chloride ions to hy-
droxide ions. The membrane was then washed with copious
amount of deionised water to remove residual hydroxide ions.
Removal of excess OH ions was confirmed with pH paper. OH
exchanged membranes were then immersed in D2O in sealed
polypropylene bottles and were placed inside a water bath at 60 C.
Since the fabricated membranes had water uptake of ca. 250 wt%,
the resulting water content (from the membrane OH exchange
process) in the D2O degradation solution was ca. 10 wt%. Stability
tests were performed at one-month intervals for a total degrada-
tion period of 2 months.2.3.3. Stability of OH exchanged AEM under oxygen and nitrogen
gas feed and peroxide
The OH exchanged TMA-functionalised AEM was immersed in
D2O in a polypropylene bottle fitted with reflux and under
continuous flow of high-purity oxygen gas. The setup was secured
in water bath at 60 C. A similar setup was prepared but fed with
nitrogen gas instead. After the stability test for 2 months, both the
membrane and the D2O solution were analysed. For comparison,
OH exchanged TMA-functionalised AEM was immersed in 3 wt%
H2O2 solution in H2O placed inside a sealed polypropylene bottle
secured in water bath at 60 C for 48 h.Table 1
Functionalisation of LDPE-g-VBC with different amines.
Membrane Code Functional Group
T-AEM Trimethylamine
D-AEM 1,4-diazabicyclo[2.2.2]octane
A-AEM 1-azabicyclo[2.2.2]octane
N-AEM N-methylpiperidine
a All copolymers were functionalised for 72 h.
Please cite this article in press as: R. Espiritu, et al., Journal of Power Sou2.4. Characterisation of the membrane and the degradation
products
2.4.1. Measurement of the ion-exchange capacity (IEC)
The OH exchanged membranes were immersed in a known
volume of 1.0 M NaCl solution and were left to stand overnight. The
liberated hydroxide ions were titrated with 0.10 M H2SO4 solution
using a Titrette GMBH bottle-top digital burette and the endpoint
was determined visually using methyl red indicator. After titration,
the membranes were washed with deionised water to completely
remove the salt and dried using a MTI Model DZF-6020-FP vacuum
oven. Measurements of the weight were performed until no change
in the dry weight remained. The IECs were computed using the
amount of OH ions neutralised, expressed in mmol OH, divided
by the dry weight of the membranes, in grams.
2.4.2. Measurement of the ionic conductivity
The through-plane ionic conductivity of each of the function-
alised membranes was measured following the same procedure
previously reported [12,14] using the following formula:
s ¼ 4L
R

pd2
 (1)
where s is the hydroxide ion conductivity, L is the membrane
thickness, R is the resistance derived from the impedance value at
zero-phase angle and d is the diameter of the membrane test area.
2.4.3. Solid-state nuclear magnetic resonance spectroscopy
Solid-state 13C and 15N NMR spectra of the membranes before
and after degradation were obtained employing cross-polarisation
magic-angle spinning (CP-MAS) NMR with two-pulse phase-
modulated (TPPM) decoupling and neat tetramethylsilane (TMS)
and nitromethane as chemical shift references, respectively, using a
Varian VNMRS spectrometer at the EPSRC National Solid-state NMR
Service in Durham University, UK.
2.4.4. Solution nuclear magnetic resonance spectroscopy
The 1H and 13C NMR spectra of the degradation solutions were
obtained using a Bruker 500 Avance III HD NMR spectrometer
operating at 500 MHz for 1H and 125 MHz for 13C with TMS as the
chemical shift reference. All NMR spectra were processed using
MestReNova 11.0 (Mestrelab Research S.L.) software.
3. Results and discussion
3.1. Stability of VBTMA polymer
The stability of the TMA-functionalised PVBC (VBTMA) polymer
(without the LDPE base polymer) dissolved in D2O mild alkaline
solution was investigated using 1H NMR spectra of the aged poly-
mer after 1 and 2 months as shown in Fig. 2. The 1H solution-NMR
spectra showed similar sets of resonances before (OH untreated
i.e. Cl form) and after (OH exchanged) the degradation test.
The peaks corresponding to the aromatic H can be seen in theConditiona
7.6 M aqueous solution at room temperature
1 M aqueous solution at 60 C
1 M aqueous solution at 60 C
8.2 M solution (pure NMP) at 60 C
rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
Fig. 2. The 1H NMR spectra of Poly VBTMA-OH after 1 and 2 months degradation test at 60 C.
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that of H attached to the benzylic carbon, evidence of VBTMA. The H
attached with the secondary carbon (1) and (benzylic) tertiary
carbon (2) can be seen around 1.5 and 2.8 ppm, respectively. Small
magnitude peaks were present in the range of 3.0e3.25 ppm and
7.5e8.0 ppm and were seen in the original and degraded samples
which might suggest they are due to impurities or small amount of
TMA N-oxide for the 3.2 ppm (C) resonance [47].
In the degraded solution in addition to the peaks observed
above, the following news peaks can be seen: a weak peak at
8.4 ppm (#) and peak at 2.17 ppm (A) which can be attributed to
the benzylic hydroperoxyl proton (OeOeH) [48] suggesting that
peroxy radicals are the most likely initiator of membrane degra-
dation [49]. These two peaks can be associated with the degrada-
tion product(s) as their intensities were observed to increase with
degradation time. The 2.17 ppm (A) resonance coupled with the
peaks at 1.25, 3.2 and 7.5 ppm can suggest the possible formation of
N,N-dimethyl-1-phenylethylamine [16] representing the product of
Stevens rearrangement (ylide degradation pathway) as shown in
Fig. 1 (reaction B). However, the mentioned peaks at 1.25, 3.2 and
7.5 ppm cannot be confirmed due to overlap with other peaks
discussed above.
This suggests that the degradation reaction due to SN2 substi-
tution (Fig. 1, reactions A and C) is negligible under these tested
neutral pH solutions as no 1H NMR peaks for methanol at 3.35 and
4.8 ppm, or for benzyl alcohol at 2.3 and 4.6 ppm could be detected.
If methanol was indeed a degradation product and would have
reacted with benzyl alcohol to form benzyl methyl ether (in the
presence of oxygen), the latter was not detected either at 3.37 and
4.44 ppm. If any produced benzyl alcohol would have gone dehy-
dration reaction to produce benzyl ether, peaks at 4.54 and 7.4 ppm
should have been seen, which is not the case here. Finally, if benzyl
alcohol would have gone oxidation to benzoic acid, peaks at 7.5 and
8.12 ppm would have been seen, again is not the case herein.Please cite this article in press as: R. Espiritu, et al., Journal of Power Sou3.2. Effect of different head-groups
The synthesised LDPE-based membranes prepared previously
[14] have a degree of grafting (DOG) of 65%. The DOG is themeasure
of the extent of polymerisation of the radiation graftedmembranes,
which is defined as the percentage mass of the grafted component
in the final grafted film product [50]. The prepared membranes
were functionalised with different head groups (Table 1) in order to
determine the most stable head group among the amines investi-
gated towards peroxide radicals attacks that are taking place when
membranes are immersed in close to neutral pH solution. Fig. 3
shows the IEC profile of the membranes with different head
groups after 1 and 2 months degradation time.
Among the different functional groups, TMA showed the highest
initial IEC, primarily due to the ease of which TMA can effectively
penetrate and functionalise the LDPE-g-VBC copolymer unlike that
of the bulkier cyclic structures of DABCO, ABCO and NMP. All the
membranes investigated showed a decrease in IEC through the 2-
month degradation period indicating the loss of functional groups
from the AEM. The degradation rates of TMA- and DABCO-based
membranes in terms of % IEC loss after two month are 9.0 and
15.5%, respectively, indicating that TMA functionality provides
better stability than DABCO-based AEM under these test conditions
which we have reported previously [12]. ABCO and NMP, however,
exhibited comparable degradation rates of 9.4 and 10.6% IEC loss,
respectively. The order in increasing AEM stability in terms of % IEC
loss is TMA > ABCO > NMP > DABCO. All the quaternised mem-
branes, regardless of the tethered amine functional group, exhibi-
ted similar degradation loss of ca. 5% IEC per month. The slightly
higher degradation rate in DABCO could be due to the difficulty in
obtaining 100% mono-quaternisation and the presence of small
amount of bis-quaternised DABCOwhich converts into a piperazine
less stable structure as discussed previously.rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
Fig. 3. IECs of LDPE-based membranes (65% DOG) functionalised with different head groups after degradation test in deionised water at 60 C.
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Table 2 shows the through-plane ionic conductivity of the
membranes tethered with different amine functionalities after
degradation test at 60 C and their respective membrane codes.
AEM degradation in terms of IEC loss (Fig. 3), resulted in a decrease
in the through-plane ionic conductivity (Table 2) for each month
interval for all membranes investigated. It was expected that T-AEM
would exhibit the highest ionic conductivity due to its higher initial
IEC and the high basicity of TMA (pKb ¼ 4.19). The observed
decrease in ionic conductivity is in agreement with the observed
decrease in IEC (Fig. 3) from the degradation test. T-AEM exhibited
lower decrease in ionic conductivity at 60 C after 2 months (16%;
101 to 85mS cm1) compared to D-AEM (33%; 70 to 47mS cm1) as
shown in Table 2. A-AEM and N-AEM also showed evidence of
degradation in terms of ionic conductivity loss due to the observed
decrease in their respective IECs after 2 months degradation test.
The loss in ionic conductivity cannot be directly compared with the
loss of IEC as it is dependent on the distribution of IEC loss. In other
words, the IEC loss is expected to occur initially at the membrane
surface where the membrane interface with water and oxygen and
at slower rate inside the membrane due to diffusion restrictions.
The higher possible %IEC loss at the membrane interface could
result in the observed large conductivity percentage decrease in
comparison to the average %IEC loss recorded.Table 2
Through-plane ionic conductivity at 60 C of LDPE-based AEMs functionalised with
different amine groups before and after degradation test.
Membrane Code Functional Group Ionic Conductivity (mS cm1)
Initial After 2 months
T-AEM TMA 101 ± 5 85 ± 4
A-AEM ABCO 87 ± 4 71 ± 3
N-AEM NMP 75 ± 3 65 ± 3
D-AEM DABCO 70 ± 3 47 ± 2
Please cite this article in press as: R. Espiritu, et al., Journal of Power Sou3.4. NMR analysis of the aged membranes and the degradation
products
The original and aged membranes (after 1 and 2 months
degradation period) tethered with different amine functionalities
were subjected to 13C and 15N CP-MAS NMR analysis to verify the
loss of the chemical groups observed for each month while the
degradation solutions (D2O solutionwhere the AEMwas immersed
during degradation test) were analysed using 1H solution NMR. The
13C CP-MAS NMR spectra obtained were normalised against LDPE
peak since the base polymer was found to be stable and did not
participate in the degradation reactions [12].3.4.1. 15N CP-MAS NMR analysis
The 15N CP-MAS NMR spectra of T-AEM, A-AEM and N-AEM
(Figs. S1eS3, Supplementary information) are essentially having
the same single quaternised nitrogen peak at 330 ppm [51],
present in both the original and the degradedmembrane. However,
in the case of D-AEM, since DABCO having 2 Nitrogen atoms, two
peaks can be seen: a resonance at 330 ppm consistent with
quaternised nitrogen and a resonance at368 ppm associated with
the non-quaternised nitrogen [52], both present in the original and
degraded membrane (Fig. S4, Supplementary information). If
DABCO was bis-quaternised then only a single peak at 330 ppm
should be seen, if DABCO is mono-quaternised then two peaks
showed be observed at 330 and 368 ppm, respectively. The in-
tensities of the signals are not directly proportional to the number
of equivalent 15N atoms (unlike 1H NMR) due to the low sensitivity
of 15N-CP-NMR test. Therefore, no accurate quantification of mono
to bis substituted DABCO can be made. It can however be said that
there is a mixture of both mono and bis-substituted DABCO with
mono-quaternistd DABCO majority. Furthermore, in all the 15N CP-
MAS NMR spectra, no other additional resonance peaks were
observed suggesting that no other nitrogen-containing by-products
have formed on the membrane at concentration high enough to berces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
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3.4.2. 13C CP-MAS and 1H NMR analysis
Fig. 4a shows the 13C CP-MAS NMR spectra of the original and
aged T-AEM. The aromatic carbons give the resonances between
125 and 150 ppm. The signals between 180 and 210 ppm are
spinning sidebands associated with the benzyl group. The CHeCH2
groups resonate at 40e50 ppm, N(CH3)3 at 53 ppm and LDPE
aliphatic carbons around 25e35 ppm. The 69 ppm resonance is
assigned to the eCH2N [53e55]. Comparison of the spectra of the
initial and aged membranes revealed a decrease in the intensity of
the benzyl group and the TMA head groupwhich indicates decrease
in the amount of these particular groups in the membrane
structure.
The 1H NMR spectra of the degradation solution of T-AEM
(Fig. 4b) confirms the removal of aromatic benzene ring
(6.25e7.25 ppm region) [46] and TMA (2.9 ppm) [56] from the base
polymer chain. The calculated molar ratio of benzene to TMA in the
degradation solution from 1H NMR is 1:1 after 1 and 2 months of
degradation as shown later in Table 3. In addition to this, the
presence of the 4.25 ppm peak (9) also suggests that the majority of
TMA seen in the solution was lost as VBTMA (detached from the
polymer backbone) as a whole [57].
Aside from the expected functional groups and chemical com-
ponents (i.e. benzene and TMA) seen and reported for VBTMA
earlier, the 1H NMR spectra of the degradation solution of T-AEM
revealed new peaks at 1.85 ppm (singlet), 8.4 ppm (singlet) and
clusters of peaks in the 3.0e3.8 ppm region (Fig. 4b). The observed
new peaks were detected after 1 and 2 months degradation indi-
cating the presence of identical degradation products. The down-
field resonance at 8.4 ppm (#) can be attributed to the formation of
benzylic hydroperoxy proton (OeOeH) with the possible corre-
sponding OeH signal at 1.85 ppm (*) [48], or other aromatic com-
pounds that contains O, which conforms with the 194 ppm
peroxide peak in the previously reported 17O solution-NMR spectra
[12]. The presence of benzylic peroxide (and possibly TMAN-oxide)
suggest a peroxide radical formation and attack on the vulnerable
ternary carbon causing the release of the whole VBTMA group as
we have previously proposed [12] (Fig. 1, reactions E, F and G). The
benzylic peroxide can undergo decomposition releasing OH radi-
cals which in turn cause further radical attacks (propagation). The
peaks between 3.0 and 3.25 ppm can be assigned to impurities or
the 3.2 ppm (C) resonance can be associated with TMA N-oxide
[47] as discussed previously. While the additional peaks between
3.5 and 3.8 ppm were not observed previously in the original Poly
VBTMA 1H NMR spectra and can be due to degradation products,
the absence of other 1H NMR peaks make their assignment difficult.
Fig. 5a shows the 13C CP-MAS NMR spectra of the initial and
aged D-AEM. Similar to T-AEM, the aliphatic carbon peaks of LDPE
at 25e35 ppm and the aromatic carbons between 125 and 150 ppm,
are present. There are two strong signals at 46 and 53 ppm asso-
ciated with the carbons attached to the un-quaternised and qua-
ternised nitrogen, respectively [58]. The marked decrease in the
intensity of DABCO loss from initial, to month 1 and to month 2
degradation, compared to that of aromatic loss agrees with the
observed loss of benzene and DABCO in the 1H NMR spectra of the
degradation solution shown in Table 3.
The 1H NMR spectra of the degradation solution of D-AEM
(Fig. 5b) reveals removal of both the benzene (6.25e7.25 ppm re-
gion) and DABCO head group (at 2.7 ppm for protons neighbouring
the non-quaternised nitrogen, and at 3.1 ppm for protons neigh-
bouring the quaternised nitrogen) [59]. Both spectra of degradation
samples showed the same set of resonances, indicating similar
degradation products were produced and increased in concentra-
tion, after the longer degradation test as evidenced by the increasedPlease cite this article in press as: R. Espiritu, et al., Journal of Power Souintensity of resonances from month 1e2. The mono-quaternised
DABCO is suggested to offer an AEM with improved stability as
the non-quaternised nitrogen balances the positive charge of the
other nitrogen [37] making it less susceptible to nucleophilic sub-
stitution through OH ion attack [32]. However, due to the pres-
ence of 2 Nitrogen atoms in DABCO, there is the tendency for
DABCO to form crosslinks with the two Nitrogen atoms (bis-qua-
ternised) [19] that converts into a less stable piperazine structure
[28,38] as suggested by the presence of 2.5 ppm peak (⌂) in the
degradation products (Fig. S5, Supplementary information) thereby
further contributed to the additional loss of head group and could
explain the higher degradation rate observed.
The calculated ratio of benzene to DABCO loss in the solution is
1:0.8 after both 1 and 2 months of degradation (Table 3). As dis-
cussed previously, the removal of the VBeDABCO group is evident
from the presence of 4.25 ppm peak (9, Fig. 5b) via attack of
benzylic peroxide radicals associated with the peaks at 8.34 (#) and
1.81 ppm (*) [48]. If the diamine DABCO was only mono-
quaternised then a ratio of benzene to DABCO of 1:1 is expected
in the solution for VB-DABCO, similar to the earlier observation
seen for the other studied amines. If DABCO was bis-quaternised a
ratio of 1:0.5 is expected. The lower ratio seen of 1:0.8 instead of
the expected 1:1 ratio can be explained by the presence of amounts
of bis-quaternised DABCO in addition to the majority of mono-
quaternised DABCO as concluded earlier in 15N-CP-NMR section.
Furthermore, there are new peaks detected in both spectra aside
from the expected VBC and DABCO resonances, namely, 3.38 and
3.65 ppm indicating the presence of other degradation products
similarly observed in TMA-based AEM degradation.
Fig. 6 shows the 13C CP-MAS NMR spectra of the original and
aged A-AEM and the 1H NMR spectra of its degradation solution.
ABCO has similar structure to that of DABCO but with only mono-
quaternised nitrogen present, thus the only difference in the 13C
CP-MAS NMR spectra is the additional intense CH2eCH2 peaks at
25 ppm (Fig. 6a). Being only mono-quaternised, A-AEM is expected
to offer better stability than D-AEM which agrees well with the
slower degradation rate of A-AEM in terms of % IEC loss (Fig. 3) and
% ionic conductivity loss (Table 2) than D-AEM.
Fig. 6b shows the 1H NMR spectra of the degradation solution of
A-AEM. Similar to the 1H NMR spectra of the degradation solutions
of T-AEM and D-AEM, there is an observed loss of both the benzene
and the ABCO head group from the membrane in both 1 and 2
months degradation. The two spectra are identical, indicating
similar species are present after 1 and 2 months degradation. The
spectra after 2 months degradation showed increased intensity of
peaks, indicating more loss of both benzene and ABCO. Upon
integration of the peaks from the spectra, the ratio of benzene to
ABCO loss was found to be approximately 1:1 for both 1 and 2
months degradation test (Table 3). The similar ratio of benzene to
ABCO loss is therefore can be due to their removal as a whole which
is also evidenced by the 4.0 ppm peak shown in the spectra (9,
Fig. 6b). Aside from the expected spectra of benzene and ABCO,
there is evidence of the presence of benzylic peroxide radicals that
are associated with the peaks at 8.34 (#) and 1.81 ppm (*). There is
also a resonance at 2.1 ppm and unsymmetrical splitting pattern in
the 3.4e3.8 ppmwhich could not be assigned and were detected in
the same region regardless of the head group investigated as
observed in previous spectra (Figs. 4a and 5a).
The 13C CP-MAS NMR spectra of the original and aged N-AEM
and the 1H NMR spectra of its degradation solution are shown in
Fig. 7. Similar to previous spectra, the aromatic benzene exhibited a
decrease in intensity with each month of degradation, suggesting
loss of benzene from the polymer backbone. The cycloaliphatic
structure of NMP made it difficult to distinguish from LDPE as the
CH2eCH2 resonances overlap those of the intense LDPE peaksrces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
Fig. 4. The (a) 13C CP-MAS NMR spectra of the original and aged T-AEM and (b) 1H NMR spectra of its degradation solution.
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Table 3
The ratios of benzene to head group loss of AEMs for each period of degradation test calculated from the 1H solution-NMR spectra.
Degradation test Head group
TMA DABCO ABCO NMP
Ratio of benzene to head group loss After 1 month 1:1 1:0.8 1:1 e
After 2 months 1:1 1:0.8 1:1 e
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The 1H NMR spectra of the degradation solution of the N-AEM is
shown in Fig. 7b. Similar to those observed in previous spectra, the
resonances after 1 and 2 months degradation are identical sug-
gesting the presence of similar degradationproducts and there is an
observed increase in peak intensity after the degradation test is
prolonged to 2 months. The amount of benzene and NMP detected
from the 1H NMR spectra of the degradation solutionwas relatively
small in comparison to the other studied head groups, hence the
ratio of benzene to NMP loss was not computed (Table 3). This
could be due to the low solubility of VBeNMP and requires further
investigation. The observed decrease in IEC (Fig. 3) and ionic con-
ductivity (Table 2) for N-AEM can still be explained by the radical
attack on the tertiary carbon from the observed benzyl peroxide
groups peak at 8.4 and 1.81 ppm.
All the AEMs investigated exhibited loss of benzene and head
group as a whole, evidenced by the presence of peak associated
with the benzylic carbon attached to the head group (9). The sim-
ilarity between the degradation products detected from the studied
head groups and similarities in the %IEC loss confirms that the
degradation reaction is not chiefly influenced by the head group.
Instead, it seems to be caused by radicals detected from benzylic
peroxide groups peak at 8.4 ppm as well as the strong dependence
reported previously on the surrounding oxygen concentration.
3.5. Degradation test under nitrogen and oxygen atmospheres
In order to investigate the effect of oxygen gas feed (oxidation)
on the degradation of the membrane, OH exchanged T-AEM was
subjected to 2 months degradation test with continuous high-
purity oxygen gas feed under D2O reflux. A similar membrane
was subjected to the same degradation test but with nitrogen gas
feed for comparison. Immediately after the degradation test, both
membranes were immersed in 1.0 M NaCl solution (without prior
OH ion exchange) for IEC measurement.
Table 4 shows a decrease in IEC of the membranes after the
degradation test wherein from an initial 2.78 mmol g1, the IEC
dropped to 2.0 and 2.53 mmol g1 with oxygen and nitrogen gas
feed, respectively. The degradation under nitrogen environment
(absence of oxygen) of the T-AEM could intially be explained by a
similar report [16] wherein OH ions attack the quaternary carbon
of polysulfone-based AEM via hydrolysis or in this case, the ternary
carbon with respect to the trimethylammonium hydroxide group
causing the release of VBTMA as a whole [12] (Fig. 1, reaction D).
However, the presence of benzylic peroxide groups peak at 8.4 ppm
even under nitrogen atmosphere and the similarity of the 1H NMR
spectra of the degradation products under oxygen and nitrogen
suggest that the attack is caused by peroxide radicals which can
form from the re-combination of twoOHC radicals rather than OH
ion as suggested by Arges and Ramani [16] since no benzylic alcohol
peaks (2.3 and 4.6 ppm) were detected.
Fig. 8a shows 13C CP-MAS NMR spectra of the aged T-AEM under
oxygen gas feed. The ratio of benzene to head group loss is very
close to 1:1 for the degraded membranes both under nitrogen and
oxygen gas feed, which is consistent with TMA-functionalised AEM
as previously discussed. The 1H NMR spectra of the degradationPlease cite this article in press as: R. Espiritu, et al., Journal of Power Souproducts of T-AEM under oxygen and nitrogen atmospheres after
stability tests are shown in Fig. 8b and were compared to that of T-
AEM degraded under 3 wt% peroxide for 48 h (Fig. S6, Supple-
mentary information). The 1H NMR spectra revealed similar reso-
nances under both oxygen and nitrogen gas feeds as well as
peroxide indicating presence of the same soluble degradation
products as discussed earlier.
The higher % IEC loss over 2 months of the T-AEM in D2O under
oxygen saturated atmosphere (30%) indicates over three-fold in-
crease in degradation rate compared to only 9% IEC loss of the
membrane in D2O with nitrogen gas feed (Table 4) which suggests
that the accelerated AEM degradation is caused by higher peroxide
concentration produced from oxygen reduction to superoxide via
ylide (Fig. 1, as suggested by Parrondo et al.) and consequently
faster radical attacks through reaction E (Fig. 1). This was also seen
from the rapid observation of the same degradation products
within 48 h of peroxide immersion (Fig. S6, Supplementary infor-
mation). These observed benzylic peroxide in the degradation
product solution (and possibly TMA N-oxide) as well as evidence of
peroxy radicals from 17O NMR spectra we previously reported [12],
could be the result of peroxide (and possibly OHC radicals) attack
on the benzylic ternary carbon causing the release of VBTMAwhich
leads to the observed decrease in IEC [12] (Fig. 1, reactions E, F& G).
The formed benzylic peroxide could decompose (Fig. 1, reaction F)
to produce hydroxyl radicals propagating further radical attacks
that further reduce the IEC due to VBTMA loss.
Therefore, this study suggests that in deionised water at 60 C,
an environment analogous to fuel cells and electrolysers, the
degradation of AEM is chiefly driven by peroxide radical attack
which occurs predominantly and was independent of the head
groups studied, while degradation caused by head group loss from
SN2 attack was not detected. This study hereby reports the impor-
tance of radical oxidation in the degradation process and recom-
mends that future research on AEM degradation should be shifted
from head group degradation in high alkaline/high temperature
condition towards deionised water or close to neutral pH solutions
under oxygen-saturated and peroxide environments. The stability
of AEM towards radical attacks can be improved by: (1) removing
the vulnerable proton attached to the ternary benzylic carbon by
using for example, alpha-methylstyrene derivatives or eliminating
the ternary/quaternary benzylic carbon all together such as the use
of chloromethylated polyphenylene, (2) use of radical scavengers in
par with the use of cerium oxide in Nafion, and (3) substituting the
vulnerable proton in the alpha position with respect to the head
group in order to suppress ylide formation and consequently the
rate of oxygen reduction to superoxide.
4. Conclusion
The assessment of the chemical stability of LDPE-based anion
exchange membrane (AEM) functionalised with different amine
head groups namely, TMA, DABCO, ABCO and NMP, was performed.
In this research, grafted or synthesised AEMs were utilised and
subjected to the degradation tests in solutions close to neutral pH at
60 C. All the quaternised membranes, regardless of the tethered
amine functional group, exhibited similar degradation loss of ca. 5%rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
Fig. 5. The (a) 13C CP-MAS NMR spectra of the original and aged D-AEM and (b) 1H NMR spectra of its degradation solution.
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Fig. 6. The (a) 13C CP-MAS NMR spectra of the original and aged A-AEM and (b) 1H NMR spectra of its degradation solution.
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Fig. 7. The (a) 13C CP-MAS NMR spectra of the original and aged N-AEM and (b) 1H NMR spectra of its degradation solution.
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Table 4
The IEC of TMA-functionalised membranes immersed in D2O supplied with different
gas feeds at 60 C.
Gas Feed IEC (mmol g1)
Initial After 2 months
Oxygen 2.78 ± 0.2 2.0 ± 0.1
Nitrogen 2.53 ± 0.1
R. Espiritu et al. / Journal of Power Sources xxx (2017) 1e14 13IEC per month. The slightly higher degradation rate in DABCO could
be due to the difficulty in obtaining 100% mono-quaternisation andFig. 8. The (a) 13C CP-MAS NMR spectra of the original and aged T-AEM under oxyg
Please cite this article in press as: R. Espiritu, et al., Journal of Power Southe formation of a less stable piperazine structure from bi-
substituted DABCO.
The stability assessment of Poly VBTMA-OH (without the LDPE
base film) revealed polymer degradation through the formation of
benzylic peroxide. The benzylic peroxide was also observed in the
degradation solution of T-AEM along with vinylbenzyl trimethy-
lammonium group (VBTMA) with VB to TMA ratio of 1:1. It is
suggested that peroxy radical attacks the ternary benzylic carbon
resulting in the formation of benzylic peroxide and the subsequent
observed release of VBTMA as whole from the membrane. The
formed benzylic peroxide could decompose to produce hydroxylen gas feed after 2 months and (b) 1H NMR spectra of its degradation solution.
rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
R. Espiritu et al. / Journal of Power Sources xxx (2017) 1e1414radicals propagating further radical attacks to reduce further the
IEC from VBTMA loss. Such loss of vinylbenzyl and head group as a
whole was similarly observed in other amine functionalities
investigated (i.e. DABCO, ABCO and NMP) suggesting that the pre-
dominant degradation mechanism of the AEM in deionised water
environment is through free radical attack.
The stability test performed on T-AEM under oxygen and ni-
trogen gas feed revealed over three-fold increase in the degrada-
tion rate under saturated oxygen environment compared to
nitrogen. The analysis also confirmed that the degradation products
under oxygen, nitrogen and 3 wt% H2O2 were the same VBTMA and
benzyl peroxide. The accelerated AEM degradation seen under
oxygen is caused by higher peroxide concentration produced from
oxygen reduction to superoxide via ylide and consequently faster
radical attacks on the ternary carbon and loss of VBTMA.
It is therefore recommended that future tests on AEM stability
should be conducted in deionised water in oxidative environment
(oxygen/peroxide) with main strategies to improve the AEM sta-
bility, namely, addition of radical scavengers and the substitution or
removal of vulnerable protons of benzylic carbons (in alpha posi-
tion to head group and ternary carbon).
Acknowledgement
The authors acknowledge the support of the Engineering and
Physical Sciences Research Council (EPSRC) for funding under Grant
Number EP/M005895/1 and the Philippine Department of Science
and Technology through the Engineering Research and Develop-
ment for Technology Program (ERDT-DOST) for funding Richard
Espiritu's PhD fellowship. In compliance with EPSRC rules, data
supporting this publication is openly available under an ‘Open Data
Commons Open Database License’. The additional metadata are
available at http://dx.doi.org/10.17634/138124-3. Please contact
Newcastle University Research Data Service at rdm@ncl.ac.uk for
access instructions. The authors further express their gratitude to
the EPSRC National Solid-state NMR Service in Durham University
for the solid-state NMR spectra.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jpowsour.2017.07.074.
References
[1] J.R. Varcoe, M. Beillard, D.M. Halepoto, J.P. Kizewski, S. Poynton, R.C.T. Slade,
ECS Trans. 16 (2008) 1819e1834.
[2] M. Mamlouk, K. Scott, J. Power Sources 211 (2012) 140e146.
[3] M. Mamlouk, X. Wang, K. Scott, J.A. Horsfall, C. Williams, Proc. Inst. Mech. Eng.
Part A J. Power Energy 225 (2011) 152e160.
[4] J.-S. Park, S.-H. Park, S.-D. Yim, Y.-G. Yoon, W.-Y. Lee, C.-S. Kim, J. Power
Sources 178 (2008) 620e626.
[5] C.G. Arges, V. Ramani, P.N. Pintauro, Electrochem. Soc. Interface 19 (2010)
31e35.
[6] Y.-C. Cao, X. Wang, K. Scott, J. Power Sources 201 (2012) 226e230.
[7] J.R. Varcoe, R.C.T. Slade, Fuel Cells 5 (2005) 187e200.
[8] X. Wang, M. Li, B.T. Golding, M. Sadeghi, Y. Cao, E.H. Yu, K. Scott, Int. J.
Hydrogen Energy 36 (2011) 10022e10026.
[9] M.M. Nasef, S.A. Gürsel, D. Karabelli, O. Güven, Prog. Polym. Sci. 63 (2016)
1e41.
[10] M. Mamlouk, J.A. Horsfall, C. Williams, K. Scott, Int. J. Hydrogen Energy 37
(2012) 11912e11920.
[11] T. Zhou, R. Shao, S. Chen, X. He, J. Qiao, J. Zhang, J. Power Sources 293 (2015)
946e975.
[12] R. Espiritu, B.T. Golding, K. Scott, M. Mamlouk, J. Mater. Chem. A 5 (2017)
1248e1267.
[13] K. Scott, M. Mamlouk, R. Espiritu, X. Wu, ECS Trans. 58 (2013) 1903e1906.Please cite this article in press as: R. Espiritu, et al., Journal of Power Sou[14] R. Espiritu, M. Mamlouk, K. Scott, Int. J. Hydrogen Energy 41 (2016)
1120e1133.
[15] Z. Yang, J. Ran, B. Wu, L. Wu, T. Xu, Curr. Opin. Chem. Eng. 12 (2016) 22e30.
[16] C.G. Arges, V. Ramani, Proc. Natl. Acad. Sci. 110 (2013) 2490e2495.
[17] A.C. Cope, E.R. Trumbull, Olefins from amines: the Hofmann elimination re-
action and amine oxide pyrolysis, in: Organic Reactions, John Wiley & Sons,
Inc, 1960, p. 320.
[18] A.C. Cope, N.A. LeBel, P.T. Moore, W.R. Moore, J. Am. Chem. Soc. 83 (1961)
3861e3865.
[19] J.R. Varcoe, P. Atanassov, D.R. Dekel, A.M. Herring, M.A. Hickner, P.A. Kohl,
A.R. Kucernak, W.E. Mustain, K. Nijmeijer, K. Scott, T. Xu, L. Zhuang, Energy &
Environ. Sci. 7 (2014) 3135e3191.
[20] C. Fujimoto, D.-S. Kim, M. Hibbs, D. Wrobleski, Y.S. Kim, J. Membr. Sci.
423e424 (2012) 438e449.
[21] S. Chempath, B.R. Einsla, L.R. Pratt, C.S. Macomber, J.M. Boncella, J.A. Rau,
B.S. Pivovar, J. Phys. Chem. C 112 (2008) 3179e3182.
[22] H. Long, K. Kim, B.S. Pivovar, J. Phys. Chem. C 116 (2012) 9419e9426.
[23] G. Ghigo, S. Cagnina, A. Maranzana, G. Tonachini, J. Org. Chem. 75 (2010)
3608e3617.
[24] Z. Wang, Sommelet-hauser rearrangement, in: Comprehensive Organic Name
Reactions and Reagents, John Wiley & Sons, Inc, 2010, pp. 2620e2624.
[25] K.J.T. Noonan, K.M. Hugar, H.A. Kostalik, E.B. Lobkovsky, H.D. Abru~na,
G.W. Coates, J. Am. Chem. Soc. 134 (2012) 18161e18164.
[26] J. Parrondo, Z. Wang, M.-S.J. Jung, V. Ramani, Phys. Chem. Chem. Phys. 18
(2016) 19705e19712.
[27] A. Albert, T. Lochner, T.J. Schmidt, L. Gubler, ACS Appl. Mater. Interfaces 8
(2016) 15297e15306.
[28] B. Bauer, H. Strathmann, F. Effenberger, Desalination 79 (1990) 125e144.
[29] S. Maurya, S.-H. Shin, M.-K. Kim, S.-H. Yun, S.-H. Moon, J. Membr. Sci. 443
(2013) 28e35.
[30] C. Iojoiu, F. Chabert, M. Marechal, N.E. Kissi, J. Guindet, J.Y. Sanchez, J. Power
Sources 153 (2006) 198e209.
[31] J. Cheng, G. He, F. Zhang, Int. J. Hydrogen Energy 40 (2015) 7348e7360.
[32] J. Sun Koo, N.-S. Kwak, T.S. Hwang, J. Membr. Sci. 423e424 (2012) 293e301.
[33] C. Vogel, J. Meier-Haack, Desalination 342 (2014) 156e174.
[34] D. Stoica, L. Ogier, L. Akrour, F. Alloin, J.F. Fauvarque, Electrochim. Acta 53
(2007) 1596e1603.
[35] C. Sollogoub, A. Guinault, C. Bonnebat, M. Bennjima, L. Akrour, J.F. Fauvarque,
L. Ogier, J. Membr. Sci. 335 (2009) 37e42.
[36] J. Parrondo, M.-s.J. Jung, Z. Wang, C.G. Arges, V. Ramani, J. Electrochem. Soc.
162 (2015) F1236eF1242.
[37] M.L. Di Vona, R. Narducci, L. Pasquini, K. Pelzer, P. Knauth, Int. J. Hydrogen
Energy 39 (2014) 14039e14049.
[38] Y. Yuesheng, A.E. Yossef, Chemical stability of anion exchange membranes for
alkaline fuel cells, in: Polymers for Energy Storage and Delivery: Poly-
electrolytes for Batteries and Fuel Cells, American Chemical Society, 2012,
pp. 233e251.
[39] H.-S. Dang, P. Jannasch, J. Mater. Chem. A 4 (2016) 11924e11938.
[40] M.G. Marino, K.D. Kreuer, Chem. Sus. Chem. 8 (2015) 513e523.
[41] S. Chempath, J.M. Boncella, L.R. Pratt, N. Henson, B.S. Pivovar, J. Phys. Chem. C
114 (2010) 11977e11983.
[42] H. Long, B.S. Pivovar, ECS Electrochem. Lett. 4 (2015) F13eF16.
[43] A.D. Mohanty, C. Bae, J. Mater. Chem. A 2 (2014) 17314e17320.
[44] B.R. Einsla, S. Chempath, L. Pratt, J. Boncella, J. Rau, C. Macomber, B. Pivovar,
ECS Trans. 11 (2007) 1173e1180.
[45] B. Wang, W. Sun, F. Bu, X. Li, H. Na, C. Zhao, Int. J. Hydrogen Energy 41 (2016)
3102e3112.
[46] H. Komber, U. Georgi, B. Voit, Macromolecules 42 (2009) 8307e8315.
[47] Spectral Database for Organic Compounds (SDBS), 1H-NMR spectrum, SDBS
No.: 3643, http://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_disp.cgi?
sdbsno¼3643.
[48] D. Swern, A.H. Clements, T.M. Luong, Anal. Chem. 41 (1969) 412e416.
[49] F.D. Coms, ECS Trans. 16 (2008) 235e255.
[50] S. Alkan Gürsel, L. Gubler, B. Gupta, G. Scherer, Radiation grafted membranes,
in: G. Scherer (Ed.), Fuel Cells I, Springer, Berlin Heidelber, 2008, pp. 157e217.
[51] G.H. Penner, R. Webber, L.A. O'Dell, Can. J. Chem. 89 (2011) 1036e1046.
[52] K.K. Laali, A. Jamalian, C. Zhao, Tetrahedron Lett. 55 (2014) 6643e6646.
[53] M. Faraj, M. Boccia, H. Miller, F. Martini, S. Borsacchi, M. Geppi, A. Pucci, Int. J.
Hydrogen Energy 37 (2012) 14992e15002.
[54] C. Yang, S. Wang, W. Ma, L. Jiang, G. Sun, J. Membr. Sci. 487 (2015) 12e18.
[55] R.V. Law, D.C. Sherrington, C.E. Snape, I. Ando, H. Korosu, Ind. Eng. Chem. Res.
34 (1995) 2740e2749.
[56] J. Pan, Y. Li, J. Han, G. Li, L. Tan, C. Chen, J. Lu, L. Zhuang, Energy & Environ. Sci.
6 (2013) 2912e2915.
[57] J. Pan, L. Zhu, J. Han, M.A. Hickner, Chem. Mater. 27 (2015) 6689e6698.
[58] T. Takewaki, L.W. Beck, M.E. Davis, Microporous Mesoporous Mater. 33 (1999)
197e207.
[59] W. Chen, X. Yan, X. Wu, S. Huang, Y. Luo, X. Gong, G. He, J. Membr. Sci. 514
(2016) 613e621.rces (2017), http://dx.doi.org/10.1016/j.jpowsour.2017.07.074
